All relevant data are within the paper and its Supporting Information files.

1. Introduction {#sec001}
===============

Rice (*Oryza sativa* L.) is one of the most important food crops in the world and supports the requirement of staple food for almost half of the world's population. It is cultivated in about 163.2 million ha of land and produced 751.9 million tons (in form of paddy) worldwide \[[@pone.0188864.ref001]\]. Of the 25 species in rice, only two species, *Oryza sativa* and *Oryza glaberrima* are cultivated \[[@pone.0188864.ref002],[@pone.0188864.ref003]\]. The *Oryza sativa* is the most commonly grown species throughout the globe. While, *Oryza glaberrima* is grown mainly in African sub-continent. *Oryza sativa* is differentiated into three sub-species based on geographical and agro-climatic requirements *viz*., *indica*, *japonica* and *javanica*. Significant morphological, physiological and biochemical differences between *indica* and *japonica* subspecies makes them tremendously unique. The genetic divergence among the subspecies of *Oryza sativa* L. is valuable for further genetic improvement in cultivated rice. Xiong et al. \[[@pone.0188864.ref004]\] suggested that the recombinogenic segregating progenies derived from *indica*--*japonica* hybridization can provide valuable genetic materials for rice breeders in selecting traits for meeting breeding goals. Further, the inter-subspecies hybridization between *indica* and *japonica* rice has enough potential to generate extremely strong hybrid vigour (heterosis) which attracted the rice breeders for developing 'super hybrid rice' \[[@pone.0188864.ref004]\]. However, the problem of partial sterility in the inter-subspecies crosses limits their effective utilization. The genetic differentiation between *indica* and *japonica* rice provides information about adaptive evolution in plant species under the changing environments which may in turn help rice breeders for resolving partial sterility in inter-subspecies hybridization in rice \[[@pone.0188864.ref005],[@pone.0188864.ref006]\].

It is essential to accurately identify the *indica* and *japonica* rice genotypes used for genetic improvement of rice and to understand the mechanism of *indica-japonica* genetic differentiation during domestication process. Generally, *indica* and *japonica* rice varieties are identified by variation in morphological traits (plant height, plant type, status of pubescence of plants, and type of grains) in combination with some physiological and biochemical features (winter hardiness, starch types and phenol response in grains). Of these various attributes, six parameters were used by Cheng et al. \[[@pone.0188864.ref007]\] for differentiation of these two rice types. These six parameters which are used for *indica/ japonica* differentiation is popularly known as 'Cheng's Index'. However, this method is laborious and largely affected by environmental conditions. Therefore, use of molecular markers associated with this differentiation might help to correctly assign rice genotypes into these two groups. 'InDel molecular index' which was proposed by Lu et al. \[[@pone.0188864.ref008]\] is used in recent days for the identification of *indica* or *japonica* rice varieties. It is based on the proportion of *indica* or *japonica* allele (band) amplified from the rice genotypes using InDel markers. Polymorphism of InDel markers is based on insertion and deletion (InDel) fragments obtained in the comparison of genomic DNA sequences between the typical *indica* rice genotype 93--11 and *japonica* rice genotype Nipponbare \[[@pone.0188864.ref009]\]. Apart from the identification of *indica* and *japonica* cultivars, InDel markers could promote studies of genetic diversity and differentiation of rice in depth, and help to construct a genome-wide rice DNA polymorphism database \[[@pone.0188864.ref010]\]. These InDel markers were used to distinguish basmati from other aromatic rice cultivars \[[@pone.0188864.ref011]\] and to differentiate wild *Oryza* species \[[@pone.0188864.ref012]\]. Xiong et al. \[[@pone.0188864.ref004]\] and Yamaki et al. \[[@pone.0188864.ref013]\] successfully utilized InDel markers for discriminating different sub-species of *Oryza sativa* L. as well some wild rice species.

India has a rich resource of rice germplasm. The available cultivars, genotypes, breeding lines, mutants and land races in India impart a greater genetic diversity in the cultivated rice germplasm. Moreover, state-wise differential choices for rice has made a selective evolution of rice landraces in a region/state specific manner. Das et al. \[[@pone.0188864.ref014]\], Chowdhary et al. \[[@pone.0188864.ref015]\] and Roy et al. \[[@pone.0188864.ref016]\] conducted genetic diversity and population structure analysis in rice germplasm of North-Eastern states of India that showed a great extent of genetic diversity among those rice landraces or genotypes. Chhattisgarh is traditionally known for a rich heritage of indigenous rice varieties that were adapted to different agro-ecosystems. It is traditionally known as the 'Rice Bowl of India' due to its richness in diversity for different agro-economic traits. Over 23,250 rice germplasm lines have been recorded in the region \[[@pone.0188864.ref017],[@pone.0188864.ref018]\]. These are the result of centuries of rice farming by indigenous communities through selection and adaptation to a variety of soil, water and micro-ecosystems. Rice is the dominating crop of this state where small farmers and tribal communities grow most of the traditional indigenous rice varieties. Selective breeding, random mutation as well as frequent hybridization between the landraces and wild relatives over a long time ensured the accumulation of a high phenotypic as well as genetic diversity \[[@pone.0188864.ref019]\]. Retention of immense genetic diversity is not only significant in terms of evolutionary potential to withstand diverse selection regimes, but also has its important implications in rice breeding towards furnishing new stress resistance genes for crop improvement \[[@pone.0188864.ref020]\].

Rice genetic resources are the common heritage of mankind and essential for genetic improvement of rice and developing desired rice varieties. However, the genetic diversity in rice has been drastically reduced due to aggressive introduction of modern varieties/ high yielding varieties and disappearance of traditional/ indigenous landraces. Due to the narrow genetic base, modern rice varieties are less adaptable to varying agro-climatic conditions. Their yield performance, biotic and abiotic stress tolerance ability and other agronomic traits can be genetically broken down due to narrow genetic base. Therefore these cultivars used to disappear after few years of cultivation. Thus, exploration of genetic resources like landraces and indigenous rice varieties is an important and urgent issue in crop breeding for developing durable, climate resilient and high yielding rice varieties with desired quality attributes. Towards these understanding of genetic relationship among rice landraces will help their proper utilization in rice breeding program. InDel markers are developed based on either an insertion or deletion in genomic sequence and they can be used as genetic markers in natural populations, especially in phylogenetic studies \[[@pone.0188864.ref012],[@pone.0188864.ref021]\]. Therefore, InDel marker based genetic differentiation and genetic diversity study will be useful for further genetic improvement of rice landraces.

In the present study, we have used 190 rice landraces/genotypes of Chhattisgarh, India to detect genetic relationships, population structure and genetic diversity among them. Further, these rice landraces were classified into *indica* and *japonica* related genotypes based on 'InDel molecular index'. The study revealed immense potential to use these diverse landraces for genetic improvement of rice as well as for further enhancement of yielding potential.

2. Materials and methods {#sec002}
========================

2.1. Experimental plant materials {#sec003}
---------------------------------

Plant materials include 188 rice landraces ([S1 Table](#pone.0188864.s003){ref-type="supplementary-material"}) that were collected from different tribal districts of Chhattisgarh state in India ([Fig 1](#pone.0188864.g001){ref-type="fig"}). The study also includes a reference *japonica* variety 'Dongjinbyeo' from Republic of Korea, a reference *indica* variety 'Swarna' from India and two locally cultivated varieties Mahamaya and Rajeshwari. Seeds of rice cultivar Dongjinbyeo were procured from Advanced Radiation Technology Institute, Korea Atomic Energy Research Institute, Jeongeup, Republic of Korea. The seeds of Swarna, Mahamaya and Rajeshwari were taken from department of genetics and plant breeding, Indira Gandhi Krishi Vishwavidyalaya, Raipur, Chhattisgarh, India.

![Pictorial map of collection sites of 190 rice landraces/genotypes from Chhattisgarh states in India.\
Note: The map was downloaded from <https://upload.wikimedia.org/wikipedia/commons/7/79/India_Chhattisgarh_locator_map.svg> and was reproduced here with due permission from the curator (Courtesy to <arun.planemad@gmail.com>).](pone.0188864.g001){#pone.0188864.g001}

2.2. DNA extraction {#sec004}
-------------------

Seeds of each rice genotype were germinated in a growth chamber with 10 hours light, 85% relative humidity and 30°C temperature. At the three-leaf stage, leaf tissues from five seedlings of each genotype were collected for DNA extraction. The total genomic DNA was then isolated from this leaf tissue using GenElute^TM^Plant Genomic DNA mini prep kit (Sigma, USA) following the manufacturer's protocol.

2.3. InDel locus selection {#sec005}
--------------------------

A total of 45 InDel primer pairs distributed over 12 rice chromosome were used initially for detection of polymorphism between eight genotypes that included Dongjinbyeo and Swarna. These 45 InDel primer pairs were developed by Shen et al. \[[@pone.0188864.ref009]\] and successfully utilized and validated by Lu et al. \[[@pone.0188864.ref008]\] and Xingxing et al. \[[@pone.0188864.ref010]\] for differentiating the *indica* and *japonica* rice varieties. The InDel markers were developed based on differences in DNA sequences of the total genome between the typical *indica* rice genotype (93--11) and the typical *japonica* genotype (Nipponbare), and particularly represented variation between *indica* and *japonica* \[[@pone.0188864.ref008],[@pone.0188864.ref009]\]. Among 45 InDel markers, 42 were found to be polymorphic between Dongjinbyeo and Swarna and also in rice landraces. Details about these InDel primer pairs are given in [Table 1](#pone.0188864.t001){ref-type="table"}.

10.1371/journal.pone.0188864.t001

###### Details of InDel markers used in the present investigation.

![](pone.0188864.t001){#pone.0188864.t001g}

  S. No.   Marker name   Chr No.   Allele Size (bp)   InDel size (bp)   PIC    Rp     NPA   PPA   EMR   MI
  -------- ------------- --------- ------------------ ----------------- ------ ------ ----- ----- ----- ------
  1        R1M7          1         195 and 157        38                0.05   0.11   2     1     2     0.1
  2        R1M30         1         248 and 202        46                0.38   1.24   2     1     2     0.76
  3        R1M37         1         167                 -                0.01   0.01   2     1     2     0.02
  4        R1M47         1         162 and 110        52                0.2    0.47   2     1     2     0.4
  5        R2M10         2         188 and 141        47                0.09   0.11   2     1     2     0.18
  6        R2M24         2         167 and 136        31                0.21   0.49   2     1     2     0.42
  7        R2M26         2         180 and 146        34                0.24   0.64   2     1     2     0.48
  8        R2M37         2         211 and 151        60                0.42   1.85   2     1     2     0.85
  9        R2M50         2         249 and 210        39                0.21   0.48   2     1     2     0.42
  10       R3M10         3         194 and 171        23                0.03   0.06   2     1     2     0.06
  11       R3M23         3         226 and 189        37                0.21   0.47   2     1     2     0.42
  12       R3M30         3         186 and 163        23                0.08   0.17   2     1     2     0.16
  13       R3M37         3         282, 240 and 194   42                0.48   1.46   3     2     6     2.88
  14       R3M53         3         209 and 175        34                0.44   1.46   2     1     2     0.89
  15       R4M13         4         184 and 178        6                 0.2    0.46   2     1     2     0.41
  16       R4M17         4         227 and 175        52                0.44   1.85   2     1     2     0.89
  17       R4M30         4         165 and 130        35                0.49   1.78   2     1     2     0.98
  18       R4M43         4         208 and 171        37                0.23   0.54   2     1     2     0.47
  19       R4M50         4         173 and 144        29                0.37   0.99   2     1     2     0.74
  20       R5M13         5         213 and 178        35                0.23   0.52   2     1     2     0.45
  21       R5M30         5         222 and 179        43                0.46   1.45   2     1     2     0.91
  22       R6M14         6         256 and 221        35                0.43   1.29   2     1     2     0.85
  23       R6M44         6         164 and 128        36                0.2    0.47   2     1     2     0.4
  24       R7M7          7         213 and 145        68                0.36   0.96   2     1     2     0.73
  25       R7M20         7         225 and 212        13                0.98   0.02   2     1     2     1.96
  26       R7M37         7         182 and 164        18                0.03   0.07   2     1     2     0.06
  27       R8M23         8         168 and 127        41                0.01   0.02   2     1     2     0.02
  28       R8M33         8         213 and 175        38                0.44   1.39   2     1     2     0.88
  29       R9M10         9         184 and 143        41                0.39   1.04   2     1     2     0.78
  30       R9M20         9         187 and 137        50                0.22   0.48   2     1     2     0.44
  31       R9M30         9         197 and 165        32                0.27   0.65   2     1     2     0.54
  32       R9M42         9         231 and 218        13                0.03   0.06   2     1     2     0.06
  33       R10M10        10        177 and 138        39                0.43   1.86   2     1     2     0.86
  34       R10M17        10        158 and 128        30                0.07   0.15   2     1     2     0.14
  35       R10M30        10        206 and 189        17                0.47   1.85   2     1     2     0.93
  36       R10M40        10        164 and 134        30                0.01   0.02   2     1     2     0.02
  37       R11M23        11        253 and 215        38                0.19   0.44   2     1     2     0.39
  38       R11M40        11        185 and 141        44                0.38   1.18   2     1     2     0.76
  39       R12M10        12        268 and 221        47                0.01   0.05   2     1     2     0.02
  40       R12M27        12        185 and 156        29                0.35   0.9    2     1     2     0.7
  41       R12M33        12        264 and 219        45                0.5    1.8    2     1     2     1
  42       R12M43        12        204 and 174        30                0.2    0.45   2     1     2     0.4

Note: PIC = Polymorphic information content, Rp = Resolving power, NPA = Number of polymorphic amplicon, PPA = Proportion of polymorphic amplicon, EMR = Effective multiplex ratio, MI = marker index.

2.4. PCR amplification and electrophoresis analysis {#sec006}
---------------------------------------------------

PCR reactions were performed in 10 μl mixture containing 4 μl (2.5 ɳg/ μl) template DNA, 2 μl of 5x assay buffer, 2 mM MgCl~2~ (Promega, Madison, USA), 0.2 μM of each forward and reverse InDel primer, 200 μM dNTPs (Roche, Indianapolis, USA) and 1.5 U of *Taq* DNA polymerase (BRIT, Mumbai, India). PCR reactions were carried out in a thermal-cycler (Eppendorf, Hamburg, Germany). The amplification profile consisted of initial denaturation for 5 min at 95°C; 10 cycles of 30s denaturation at 95°C, 30s annealing at 55°C followed by decrement of temperature @ -0.5°C per cycle (for 10 cycle) and 40s extension at 72°C. Remaining 25 cycles were used to amplify DNA with denaturation at 94°C for 30s, 30s annealing at 50°C and amplification for 40s at 72°C. After that, final extension was carried out at 72°C for 5 min. Initially, polymorphism and allele size of all the InDel primer pairs were checked on capillary electrophoresis (Qiagen Pvt. Ltd., Hamburg, Germany) by using a reference *indica* variety Swarna and a reference *japonica* variety Dongjinbyeo along with six highly diverse landraces identified by SSR based molecular diversity in a previous laboratory experiment (unpublished). Forty two InDel primer pairs showing polymorphism between the Swarna and Dongjinbyeo and other six landraces were used for genotyping of the whole set of landraces. PCR products were resolved on 2.5% agarose gel (containing 1.75% Methaphor® agarose + 0.75% normal agarose) (Lonza, NJ, USA). After separation, gel image was taken with a gel documentation unit (Syngene, Cambridge, UK). The null alleles and heterozygous alleles were confirmed after several repetitions with different amplification conditions to ensure that no reaction failure existed.

2.5. Calculation of *indica* specific and *japonica* specific allelic frequency {#sec007}
-------------------------------------------------------------------------------

The InDel markers were co-dominant, therefore, the electrophoretic banding patterns were scored as either the homozygous *indica*-genotype (II), homozygous *japonica*-genotype (JJ), or heterozygous *indica*--*japonica*-genotype (IJ). The electrophoretic banding patterns of Swarna and Dongjinbyeo were used as a reference for determining the *indica* or *japonica* genotype, respectively, at a particular InDel locus. At any given InDel locus, if examined rice landrace showed banding pattern similar to that of Swarna, it was scored as homozygous *indica* genotype (II). If the examined rice landrace showed banding pattern similar to that of Dongjinbyeo, it was scored as homozygous *japonica* genotype (JJ) at the given InDel locus. If the examined sample showed both bands that were identical to Swarna and Dongjinbyeo at a particular InDel locus, this locus was determined as heterozygous *indica*--*japonica* genotype (IJ) ([Fig 2](#pone.0188864.g002){ref-type="fig"}).

![Amplification profile of the InDel marker, R2M37 in Dongjinbyeo, Swarna and landraces of Chhattisgarh, India.\
Note: M = 50--2000 bp DNA Ladder (Step ladder 50 bp, Sigma, USA), 1 = Swarna, 2 = Dongjinbyeo, 3 = Anjani, 4 = Bathrash, 5 = Jonyaphool, 6 = Laxmibhog, 7 = Tulsimongra, 8 = Dhaura Mundariya, 9 = Jhimipras, 10 = Pangudi Goindi, 11 = Agyashal, 12 = Jauphool, 13 = Pratiksha, 14 = Bhadvel, 15 = Bhajna, 16 = Sawani, 17 = Safri, 18 = Dubraj, 19 = Kalajeera, 20 = Dhaura Mundariya 2, 21 = Gangachur, 22 = Karhani, 23 = Ratajhinga, 24 = Alsenga, 25 = Gurkamal Dhan.](pone.0188864.g002){#pone.0188864.g002}

To analyze genetic relationships of all rice landraces, an allele size data matrix of genotype banding patterns obtained from all rice landraces was converted to a binary (0, 1) data matrix. The identification of *indica* or *japonica* characteristics and the evolutionary relationship of each rice landrace were estimated based on the average allelic frequencies of *indica* specific alleles (F~i~) or *japonica* specific alleles (F~j~) across 42 InDel loci according to the method developed by Lu et al. \[[@pone.0188864.ref008]\]. The calculation for the *indica* or *japonica* allelic frequency (F~i~ or F~j~) of a particular rice landrace at all examined InDel loci was done by following formula of Lu et al. \[[@pone.0188864.ref008]\]. Frequency of *indica* alleles (F~i~) was calculated as: (2∑X~ii~ + ∑X~ij~)/2N. Similarly frequency of *japonica* alleles (F~j~) was calculated as: (2∑X~jj~ + ∑X~ij~)/2N. Where X~ii~ indicates the homozygous *indica* genotype (II), X~jj~ indicates the homozygous *japonica* genotype (JJ), X~ij~ indicates the heterozygous *indica*-*japonica* genotype (IJ) at a given InDel locus of a particular rice sample scored based on the electrophoresis banding pattern, respectively; N indicates the total number of InDel loci examined.

2.6. STRUCTURE, cluster analysis and principle component analysis {#sec008}
-----------------------------------------------------------------

Population structure was examined using Bayesian model-based approach in STRUCTURE V2.3.4 \[[@pone.0188864.ref022],[@pone.0188864.ref023]\]. The number of clusters tested here ranged from 1 to 10. The analysis was performed using 5 replicate runs per K value; a burn-in period of 100000, MCMC replications after burn-in was 100000. A model permitting for admixture and correlated allele frequency was used for the analysis. Structure harvester program was used to determine the final K value based on LnP(D) and Evano's ΔK \[[@pone.0188864.ref024]\].

The binary data matrix of all InDel markers in all the rice landraces including Swarna and Dongjinbyeo was subjected to cluster analysis by following UPGMA (unweighted pair group method with arithmetic mean) method based on Jaccard's similarity coefficient as genetic distance measurement with the help of PAST 3.15 \[[@pone.0188864.ref025]\]. A principle component analysis for assessing genetic diversity among landraces was also conducted based on variance-covariance matrix using PAST 3.15 software \[[@pone.0188864.ref025]\]. The principle component axes were drawn according to eigenvalues. By using the latitude, longitude and altitude information of collection sites of landraces a principal coordinate analysis (PCoA) analysis for geographical diversity was also conducted by PAST 3.15.

2.7. Marker utility information {#sec009}
-------------------------------

In order to obtain measures of utility of the marker system, the polymorphic information content (PIC), Effective Multiplex Ratio (EMR), Marker Index (MI) and Resolving Power (Rp) were calculated for each marker according to Powell et al. \[[@pone.0188864.ref026]\]. For each locus PIC was calculated as 1-∑*pi*^2^ (where *pi* is the frequency of i^th^ allele). EMR was calculated as the product of the fraction of polymorphic loci and the number of polymorphic loci for an individual assay \[[@pone.0188864.ref027]\]. MI was calculated as the multiplication of product of PIC and EMR. Resolving power was calculated as R~p~ = ∑I~b~ \[[@pone.0188864.ref028]\], where I~b~ is the band informativeness. I~b~ was calculated as I~b~ = 1-(2\* │0.5-p│), where p is the proportion of the genotype containing the band. When an allele was found in less than 5% of the landraces under study, it was considered as rare allele \[[@pone.0188864.ref029]\].

2.8. Analysis of molecular variance (AMOVA) {#sec010}
-------------------------------------------

Based on the 'InDel molecular index' the whole collection of rice landraces/genotypes was divided into two groups or populations. The landraces which were 'close to *japonica*' type and 'intermediate' type were brought under population-2. The remaining landrace which were 'close to *indica*' and '*indica*' type were grouped in population-1. Genetic differentiation between these two groups/populations was estimated by analysis of molecular variance (AMOVA) \[[@pone.0188864.ref030]\] using GenALEx 6.503 \[[@pone.0188864.ref031]\]. Significance of estimated variance components was assessed based on 10,000 random permutations. Calculation of number of different alleles (Na), number of effective alleles (Ne), Shannon's information index (I), expected heterozygosity (He) and unbiased expected heterozygosity (uHe) were computed for these two hypothetical populations using 'allele frequency data parameters' option in GenALEx 6.503 \[[@pone.0188864.ref031]\].

3. Results {#sec011}
==========

3.1 Indel marker profile in rice landraces of Chhattisgarh, India {#sec012}
-----------------------------------------------------------------

Most of the InDel markers amplified two bands/alleles in the collection of examined landraces. The higher molecular weight band corresponds to insertion and the lower band corresponds to deletion allele for each marker. Due to the insertion and deletion nature of these InDel markers, all showed 100% polymorphism. Since we carried out pre-screening of polymorphism among Dongjinbyeo, Swarna and other six diverse landraces in capillary electrophoresis system, the band size of each marker was estimated. It was revealed that the insertion/deletion size of these markers ranged between 6 bp to 68 bp. The marker R3M37 amplified three bands of 194, 240 and 282 bp among the 192 genotypes ([Table 1](#pone.0188864.t001){ref-type="table"}). It has been found that marker R1M37 and R7M20 were polymorphic between Dongjinbyeo and Swarna but they were monomorphic among other 190 landraces/genotypes. In contrast, R6M14, R11M23 and R12M27 were polymorphic among landraces but monomorphic between Dongjinbyeo and Swarna. The marker R1M37 showed dominant reaction (presence in Dongjinbyeo but absence in Swarna), while rest of the InDel markers were co-dominant in nature. Moreover, R7M20 showed heterozygous marker profile in all the tested landraces. Overall 42 InDel markers amplified 84 polymorphic bands in these rice genotypes.

In total, six InDel markers detected null alleles in 13 genotypes. Amplification of R2M10 has detected the highest null alleles in seven landraces namely, Pangudi goindi, Kapri, Alsenga, Gangabaru, Jonyaphool, Marandhan and Panwar. While, R4M50, R6M14, R6M44 and R10M30 marker generated null allele each in single genotype. Another marker R9M20 detected null alleles in three genotypes namely, Karhani, Ruchidhan and Sonkharcha. Of the 190 tested genotypes, 12 had generated null alleles in at least one of the tested InDel loci. The landrace, Gangabaru generated null alleles in two InDel marker loci, R2M10 and R6M44. Among 190 landraces/genotypes, 47 were detected with heterozygous band profile in one to seven loci. The landrace, Dowana had detected the highest proportion (16.7%) of heterozygous band profile. While, the lowest heterozygous band profile (2.4%) was detected in other 32 genotypes.

3.2. Informativeness of the InDel marker {#sec013}
----------------------------------------

A total of 10 rare alleles were identified from the amplification of 42 InDel loci. Of them, eight were low molecular weight alleles (resulted from deletion) and remaining two were higher molecular weight allele (resulted from insertion). These rare alleles were present only in 0.5% to 4.2% of the tested landraces. The polymorphic information content of these 42 markers ranged from 0.01 to 0.98. Seventeen markers had the ideal PIC values that were ranged between 0.35 and 0.50. The marker which amplified rare alleles had detected very low PIC values. The resolving power (R~p~) of these tested InDel markers varied from 0.01 to 1.86. Of the 42 markers, 14 had R~p~ value of more than 1.0. Effective multiplex ratio (EMR) of these markers ranged between 2.0 to 3.0. The highest EMR value was detected in R3M37. The marker index (MI) varied from 0.02 to 1.96. InDel markers, R3M37, R7M20 and R12M33 had MI values of more than 1.0 ([Table 1](#pone.0188864.t001){ref-type="table"}).

3.3. Genetic differentiation of rice landraces based on 'InDel Molecular Index' {#sec014}
-------------------------------------------------------------------------------

*Indica* and *japonica* allele were assigned according to their amplification of InDel markers in Swarna and Dongjinbyeo, respectively. A total of 42 polymorphic InDel markers were used for differentiating these 188 rice landraces and two local varieties of Chhattisgarh, India into *indica* and *japonica* related genotypes based on 'InDel molecular index' as suggested by Lu et al. \[[@pone.0188864.ref008]\]. Results from the computation of 'Indel molecular index' indicated that 104 rice landraces were similar to '*indica*' type. This '*indica*' type also included three tested *indica* cultivars Swarna, Mahamaya and Rajeshwari. Another 60 landraces were placed under 'close to *indica* type' ([Table 2](#pone.0188864.t002){ref-type="table"}). It was found that three rice landraces *i*.*e*. Kalajeera, Kapri and Tulsimala were of 'close to *japonica*' type and 21 landraces *i*.*e*. Laxmibhog, Tulsimongra, Jauphool, Rudra, Tulsibhog, Badshabhog-2, Gangabaru, Tulsi Manjari, Kadamphool, Lokti Musi, Govardhan Kali Kamod 2, Panwar, Badshabhog Selection-1, Korma, Bhaisapuchhi, Katrani-4, Katrani-7, Kondha Koya, Gomti, Maran Dhan and Santio were identified as intermediate type. Of these 21 intermediate type landraces, 18 landraces had more *japonica* specific alleles as compare to *indica* specific alleles which indicated that these varieties were closer to *japonica*. Three other rice landraces *i*.*e*. Gomti, Maran Dhan and Santio had more *indica* specific alleles (F~i~ ranged from 0.52 to 0.58) as compare to *japonica* type alleles. The result from the calculation of 'InDel molecular index' was also verified with AMOVA. Two groups/populations were made based on the calculated InDel molecular index. All the 21 'intermediate' type, three 'close to *japonica*' genotypes and Dongjinbyeo were made a separate population (population 2) from rest of the landraces/genotypes for AMOVA study.

10.1371/journal.pone.0188864.t002

###### Classification of rice landraces into *indica* or *japonica* types based on the 'InDel Molecular Index'.

![](pone.0188864.t002){#pone.0188864.t002g}

  S.No.   Indica specific allele frequency (F~i~)   Japonica specific allele frequency (F~j~)   Type of rice identified by InDel Index   Total No.   Name of landraces
  ------- ----------------------------------------- ------------------------------------------- ---------------------------------------- ----------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  1       \>0.90                                    \<0.10                                      Typical indica                           1           Swarna
  2       0.75--0.89                                0.11--0.25                                  Indica                                   106         Bathrash, Pratiksha, Bhadvel, Dhaura Mundariya, Safri, Dubraj, Agyasal, Jhimipras Samlayi, Dhaura Mundariya, Gangachur, Byalo, Bhusu, Sanchorma, Satra Safri, Dhaniyaphool, Lalbarhasal, Barhasal-2, Bhunduluchai, Barhasal-3, Khetganga, Bashabhog, Nariyalphool, Kanakbhog, Mahamaya, Rajeshwari, Hr 14--1 Heera, Matko Dhan, Indjopa, Ramigauri, Arokhutu, Hathi Panjra, Ramlaxman, Raja Banga, Kari Gilash, Muni Bhog, Sua Pankhi, Mala Gauri, Dokra Dokri, Nariyal Jhoba, Chhindmauri, Sugandha, Dandrice, Beedela Dhan, Sonagathi-2, Phalod Dhan, Baigani Dhan, Asam Chudi, Jana Dhan, Rela Dhan, Jhunuprash, Odha Dhan Banarsi, Lochai, Gadur Sela, Loindi, Godadani, Chatiya Nakhi, Bhatha Masri, Kanchan, Sutai Dhan, Bhujnin, Sadachar, Mahabaikoni, Bhejrimai Dhan, Ratan Chudi, Rani Parewa, Kari Alcha, Jhilli Safri, Turiya Khudig, Rang Chudi, Mota Chudi, Kharikha Kuchi, Memri Khedi, Samarlengda, Mayath, Mota Safri, Kalinga, Bhusu, Kabeli, Lalapana, Surmatiya, Manmohan, Jalgundi, Churlai Banko, Rani Kajar, Parwat Kal, Jhoomar, Asam Chudi-3, Jalkeshar, Sudama, Hajan, Ikkopatla, Haruna Masri, Kosawari, Bansgathi, Bhata Nakhi, Masri, Ikkomota, Gaurimala, Sichar, Rajabangla, Hardigathi, Ramlaxman, Luchai- 2, Maidubraj, Pancho, Bhata Masri-2
  3       0.61--0.74                                0.26--0.39                                  Close to indica                          60          Anjani, Jonyaphool, Bhajna, Ratajhinga, Sawani, Jhimipras, Pangudi Goindi, Sihar, Bhusi, Karhani, Barhani, Kanakbans, Jhimipras-2, Alsenga, Ruchi Dhan, Lajini Super, Gudkamal Dhan, Nimaliya Banki, Jonyaphool, Brown Rice-1, Brown Rice-2, Dubraj, Modipeera, Petgadi, Sindursal, Bansveera Dhan, Lalma Dhan, Kareni Dhan, Parra Dhan, Ramshri, Danwar, Baiga Seeng, Mohlai Banko, Manki, Khajoor, Kumhdayin, Chhindmauri, Mejhri, Bodibaja, Jela, Anjaniya, Bakti Chudi, Nanded, Antarved, B.D. Safri-2, Ankapalli, Gatuvan, Baikoni, Chinni Paras, Jalsinga, Agni Fag, Bahal Binjo, Kari Grass, Asam Chudi-2, Hathi Pinjara, Safri-17, Ramjhilli, Majori, Dowana, Sonkharcha
  4       0.40--0.60                                0.40--0.60                                  Intermediate                             21          Laxmibhog, Tulsimongra, Jauphool, Rudra, Tulsibhog, Badshabhog-2, Gangabaru, Tulsi Manjari, Kadamphool, Maran Dhan, Lokti Musi, Govardhan Kali Kamod 2, Santio, Panwar, Badshabhog Selection-1, Korma, Bhaisapuchhi, Gomti, Katrani-4, Katrani-7, Kondha Koya
  5       0.26--0.39                                0.61--0.74                                  Close to japonica                        3           Kalajeera, Kapri, Tulsi Mala
  6       0.11--0.25                                0.75--0.89                                  Japonica                                 0           \-
  7       \<0.10                                    \>0.90                                      Typical japonica                         1           Dongjinbyeo

Based on AMOVA it was detected that there was a significant genetic differentiation (ɸ~PT~ = 0.642, P = 0.000) between two populations. Total molecular variance was partitioned into two, of which, 64% explained variation among populations and remaining 36% explained variation within populations ([Table 3](#pone.0188864.t003){ref-type="table"}). Result of this study was further confirmed by principle component analysis and cluster analysis based on binary data matrix of all InDel markers in the landraces. AMOVA analysis also detected contribution of 17 InDel loci which were responsible significantly for the above genetic differentiation. Overall the population 2 ('*japonica*' and 'close to *japonica*' landraces) revealed greater Shannon information index of 0.35±0.03, expected heterozygosity of 0.23±0.02 and unexpected heterozygosity of 0.23±0.02 compared to the '*indica*' or 'close to *indica*' population (population 1) where Shannon information index, expected heterozygosity and unbiased expected heterozygosity were 0.32±0.03, 0.20±0.02 and 0.20±0.02, respectively.

10.1371/journal.pone.0188864.t003

###### Analysis of molecular variance between proposed 'indica'/'close to indica' and 'close to japonica'/'intermediate' populations of rice landraces from Chhattisgarh, India.

![](pone.0188864.t003){#pone.0188864.t003g}

  Sources             Degree of freedom   Sum of Square   Mean Sum of Square   Estimated Variance   Proportion of Total Variance
  ------------------- ------------------- --------------- -------------------- -------------------- ------------------------------
  Among population    1                   614.09          614.09               13.94                64%
  Within population   190                 1476.66         7.77                 7.77                 36%
                      191                 2090.75                              21.71                

3.4. Population structure and genetic diversity among rice landraces from Chhattisgarh, India {#sec015}
---------------------------------------------------------------------------------------------

Both LnP(D) and Evano's ΔK method revealed the presence of two genetically distinct clusters (K = 2; [S1 Fig](#pone.0188864.s001){ref-type="supplementary-material"}) among these traditional rice landraces in Chhattisgarh, India ([Fig 3](#pone.0188864.g003){ref-type="fig"}). Population 1 (P1) contained 163 landraces (85.1% of the total landraces) which had more *indica* alleles and categorized as '*indica*' and '*close to indica*' type as per InDel molecular index. These 163 landraces/genotypes also included typical *indica* cultivars Swarna, Mahamaya and Rajeswari. The other 29 landraces/genotypes (including Dongjinbyeo) (14.9% of the total landraces) were under population 2 (P2). Of these 29 landraces, three (Kalajeera, Kapri and Tulsimala) were 'close to *japonica*' type; 21 landraces were 'intermediate' type; remaining four landraces (Ruchidhan, Alsenga, Jonyaphool, Lalma Dhan) were 'close to indica' type according to InDel molecular index ([Table 2](#pone.0188864.t002){ref-type="table"}). These two populations diverged at an allele frequency of 0.408, with an F~st~ (population-specific F~st~ calculated in STRUCTURE) of 0.676 and 0.580 for P1 and P2, respectively with an average F~st~ value of 0.627. From the above STRUCTURE analysis, 15 landraces/genotypes (7.8%) was detected as an admixture at K = 2.

![Population structure of traditional rice landraces of Chhattisgarh, India based on model-based clustering using STRUCTURE.](pone.0188864.g003){#pone.0188864.g003}

A scatter plot was generated based on principle component analysis (PCA) of the binary data matrix developed from the 192 (including Dongjinbyeo and Swarna) rice genotypes. It demonstrated a clear pattern of two major groups differentiation ([Fig 4](#pone.0188864.g004){ref-type="fig"}). Spatial distance between genotypes in the scatter plot showed genetic relationships among the rice landraces. The first three principal components accounted for 48.60% of total variability in which first and second principal components explained for 34.02% and 7.88% of the total genetic variation, respectively. Noticeable genetic differentiation was observed between *indica* group and *japonica* group, as they were clustered into two major groups along the first principal component. Scatter diagram showed that all the '*indica* type' and 'close to *indica* type' landraces were separated in group 'A' along with Swarna along the principle component 1 (PC1) axis. Whereas, all the 'intermediate type' landraces and 'close to *japonica*' type landraces were separated into group 'B' along with Dongjinbyeo along the PC1 and PC2 axes ([Fig 4](#pone.0188864.g004){ref-type="fig"}). Three rice landraces, namely Gomti, Marandhan and Santio were classified as intermediate type but they have more *indica* alleles as compare to *japonica*. Therefore, they were grouped with few 'close to *indica***'** type landraces along the PC2 axis ([Fig 4](#pone.0188864.g004){ref-type="fig"}). The distribution of *indica* type landraces was more scattered than that of *japonica* type landraces in the scatter plot. PCoA for all the landraces based on the latitude, longitude and altitude of their collection districts revealed three main grouping according to their ecological regions. Chhattisgarh state is geographically distributed into three ecological regions *i*.*e*. Northern hills, Chhattisgarh plains and Bastar plateau. According to PCoA scatter diagram, all the collection sites/landraces were grouped into these three ecological regions ([S2 Fig](#pone.0188864.s002){ref-type="supplementary-material"}). Genotypes Kalajeera, Kapri, Tulsimala which comes under 'close to *japonica*' types in this study were collected from Ambikapur district of Chhattisgarh. The altitude of Ambikapur is high (603.00 meters) and it belongs to Northern hill region. All the 'intermediate' type genotypes were collected from different districts of Chhattisgarh plains where altitude ranges from 200 m to 400 m. The remaining close to *indica* type genotypes was collected from various districts and they did not show specific pattern of distribution.

![Genetic differentiation of 192 rice landraces/genotypes from Chhattisgarh, India based on principle component analysis.\
Note: Blue diamond represents rice genotypes that include Dongjinbyeo, 'close to *japonica*' and 'intermediate' type of landraces. Red circle represents remaining 'intermediate' type of landraces which have more *indica* allele. The black circle represents all the '*indica*' and 'close to *indica*' type of rice landraces including Swarna, Mahamaya and Rajeshwari varieties.](pone.0188864.g004){#pone.0188864.g004}

Similarly, UPGMA cluster analysis based on Jaccard's similarity coefficient had detected a dendrogram that had 0.94 cophenetic correlation with the pairwise genetic distance. Pairwise genetic distance based on Jaccard's similarity varied from 3.75% to 100%. The lowest similarity was detected between Dongjinbyeo and Swarna. The highest genetic similarity (100%) was detected between Jauphool and Lokti Mushi in 'intermediate' InDel molecular index group. Similarly 22 other landraces in '*indica*' or 'close to *indica*' group also showed 100% Jaccard's similarity among the pair of genotypes. Cluster analysis followed the pattern of PCA analysis. All the 192 rice genotypes were grouped into 2 major clusters 'A' and 'B' at 30% Jaccard's similarity level ([Fig 5](#pone.0188864.g005){ref-type="fig"}). The cluster 'A' grouped 170 genotypes and cluster 'B' grouped 22 genotypes. Cluster 'A' contained the reference *indica* genotype, Swarna. In contrast, cluster 'B' included the reference *japonica* genotype Dongjinbyeo. All the 22 genotypes/landraces (including Dongjinbyeo) in cluster 'B' were classified as 'close to *japonica*' based on 'InDel molecular index'. Cluster 'A' again subdivided into two sub-clusters at 60% Jaccard's similarity level. The sub-cluster A1 included 17 landraces that had Marandhan, Santio and Gomti. These three landraces was classified as intermediate type based on InDel molecular index. Moreover, these three landraces have more *indica* specific alleles like in 'close to *indica*' or *indica* type. Subcluster A2 consisted of 153 rice landraces/genotypes which were revealed to be *indica* type based on InDel molecular index ([Fig 5](#pone.0188864.g005){ref-type="fig"}).

![Dendrogram depicting the genetic diversity of 190 rice landraces/genotypes from Chhattisgarh, India based on cluster analysis.\
Note: Blue colour represents rice genotypes that include Dongjinbyeo, 'close to *japonica*' and 'intermediate' type of landraces. Red colour represents remaining 'intermediate' type of landraces which have more *indica* allele. The black colour represents all the '*indica*' and 'close to *indica*' type of rice landraces including Swarna, Mahamaya and Rajeshwari varieties.](pone.0188864.g005){#pone.0188864.g005}

4. Discussion {#sec016}
=============

Large number of landraces was collected from different tribal parts of Chhattisgarh, India for conservation and varietal protection. These landraces were maintained at Indira Gandhi Krishi Viswavidyalaya, Raipur (CG), India. After collection, these genotypes were evaluated in experimental field and redundant accessions were curtailed based on morphological observations on plants and grains. Such of 190 landraces/genotypes were used in the present study to decipher genetic diversity and population structure based on InDel markers. These markers are highly reliable and informative like SSR but they are biallelic compare to multiallelic in SSR. InDel markers have been successfully used for genetic diversity studies in rice \[[@pone.0188864.ref004],[@pone.0188864.ref012],[@pone.0188864.ref032],[@pone.0188864.ref033],[@pone.0188864.ref034],[@pone.0188864.ref035],[@pone.0188864.ref036]\], wheat \[[@pone.0188864.ref037]\], chickpea \[[@pone.0188864.ref038]\] and *Arabidopsis* \[[@pone.0188864.ref039],[@pone.0188864.ref040]\]. These markers are preferred over other markers due to their codominant nature, cost-effectivity, and easy to resolve on agarose gel. Due to this simplicity in electrophoretic separation, we have chosen this group of markers for rapid determination of population structure and genetic diversity in this collection of traditional rice landraces. All the InDel markers revealed a clear and consistent band profile with InDel size as reported by Lu et al. \[[@pone.0188864.ref008]\] and Shen et al. \[[@pone.0188864.ref009]\]. With repeated PCR reactions, we confirmed the null allele amplifications of six markers in 13 genotypes. These null alleles were arisen probably due to the mutations in the primer binding sites of the genomic DNA of respective landraces \[[@pone.0188864.ref041]\]. Further, these InDel markers have detected heterozygous banding profile in 47 genotypes/landraces to the extent of 2.4% to 16.7%. Amplification of heterozygous bands was also reported in wild species of rice \[[@pone.0188864.ref012]\].

Lu et al. \[[@pone.0188864.ref008]\] used InDel markers for generating 'InDel molecular index' which was exploited for differentiating *indica* and *japonica* type as proposed initially by Shen et al. \[[@pone.0188864.ref009]\]. Moreover, these markers were also used for genotyping of wild rice species \[[@pone.0188864.ref012]\] and detecting difference in basmati and non-basmati rice genotypes \[[@pone.0188864.ref011]\]. In the present study 42 InDel markers which were distributed across the genome of *Oryza sativa*, were used to differentiate the rice landraces into different category according to Lu et al. \[[@pone.0188864.ref008]\]. Three landraces were found 'close to *japonica*' category due to their more proportion of *japonica* related alleles. Further these three landraces were adapted into the higher altitude (603 m) of Ambikapur district of Chhattisgarh state in India. Further 21 other landraces were classified as 'intermediate' category. Among the 21 'intermediate' types of landraces, three genotypes, Marandhan, Santio and Gomti were distinct from rest as they contained more *indica* alleles. These three landraces were grouped with '*indica*' or 'close to *indica*' category of landraces in both PCA diagram and cluster analysis ([Fig 4](#pone.0188864.g004){ref-type="fig"} and [Fig 5](#pone.0188864.g005){ref-type="fig"}). All the three 'close to *japonica*' landraces (Kalajeera, Kapri and Tulsimala) and remaining 18 'intermediate' landraces were grouped in a separate cluster in both PCA and cluster analysis. Further this population differentiation was also tested in STRUCTURE where two clear populations were found and P2 contained all the 'close to *japonica*' and 'intermediate' type of landraces ([Fig 3](#pone.0188864.g003){ref-type="fig"}; [Table 2](#pone.0188864.t002){ref-type="table"}). The differentiation between *indica* and *japonica* subspecies was the result of adaptive evolution which resulted from accumulation of genetic variation across the rice genome during domestication and selection by humans in various ecological habitats \[[@pone.0188864.ref042]\]. It has been well recognized that a variation in DNA sequences such as DNA rearrangement, base substitution, insertion and deletion was the fundamental cause of *indica japonica* differentiation \[[@pone.0188864.ref043]\]. Moreover origins of different types of InDels in these landraces could be created through the mobilization of transposon and retroelement \[[@pone.0188864.ref044]\]. This genetic differentiation between *indica*/close to *indica* and close to *japonica* /intermediate was further confirmed by the significant ɸ~PT~ value obtained from AMOVA.

Till now there was a perception that all the rice varieties grown in Chhattisgarh, India are of *indica* type but the result in the study indicated that some of the indigenous rice landraces may have *japonica* and intermediate type features. These *japonica* and intermediate type landraces might evolve from *japonica* related parents or from wild rice accessions with *japonica* type alleles. These landraces are being evaluated thoroughly for morphological, biochemical and molecular level. In future, the categorization of some of these landraces as 'close to *japonica*' and/or 'intermediate' will be verified with hierarchical grouping involving multi-trait analysis. Result showed that the reference *indica* variety Swarna comes under typical *indica* type whereas reference *japonica* variety Dongjinbyeo comes under typical *japonica* type. The very genetic diversity between these two categories can be exploited for rice breeding in future. Thus 'InDel molecular index' along with the agronomic features of these landraces will be considered in future to harness their recombinogenic transgressive segregates as high yielding selection or to develop hybrid rice \[[@pone.0188864.ref004]\]. As these landraces are adapted to climatic condition of Chhattisgarh states for several hundred years, it is important to exploit useful genetic diversity for rice breeding according to the need of local tribals and market requirement for high yield parameters. These *indica* and *japonica* type landraces will be used to develop hybrids towards utilization of *indica* x *japonica* inter sub-specific heterosis \[[@pone.0188864.ref045]\]. The landraces in the 'close to *japonica*'/'intermediate' category can be utilized in hybridization with '*indica*' category for exploiting their hybrid vigour or transgressive segregation. This hybridization might avoid the so-called sterility problem in *indica*-*japonica* inter-subspecies hybridization.

5. Conclusion {#sec017}
=============

Findings from the present experiment has its important implication in rice genetic improvement by selecting diverse and significantly differentiated '*indica*' or 'close to *japonica*' category of rice landraces in breeding programs. In addition, utilization of strong hybrid vigour (heterosis) derived from *indica*--*japonica* hybrids can promote the production of 'super hybrid rice' in this locally adapted landraces. This collection of landraces will be further evaluated for several biotic and abiotic stress tolerances. Based on the examined stress tolerance, trait based-breeding program will be taken for genetic improvement of these landraces in Chhattisgarh, India. The co-dominant InDel markers used in this study has immense scope to use them for trait mapping, association mapping and marker assisted selection during the exploitation of these landraces in rice breeding program.
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